[i] Recently, four bacteriohopanepolyols (BHPs), adenosylhopane, and structurally sim ilar adenosylhopanetype 1, 2-m ethyl adenosylhopane, and 2-m ethyl adenosylhopane-type 1, have been suggested to be char acteristic o f soil m icrobial com m unities and therefore can serve as m olecular m arkers for soil organic m atter (OM ) supply in river, lake, and m arine sedim ents. In this study, w e analyzed BHPs in peats and soils collected in the Têt watershed (southern France) and com pared them w ith branched glycerol dialkyl glycerol tetraethers (GDGTs), a m ore established m olecular tracer o f soil OM. A denosylhopane-type I is identified in all o f the sam ples from the study area except one collected near the Têt R iver m outh w ith up to three o f the related com pounds also frequently present, particularly in the surface samples. The con centrations o f soil-specific BH Ps in peat environm ents have been show n to increase w ith low er <515N values, providing evidence that N 2 -fixing bacteria are probably a m ajor source o f soil-specific BHPs in acidic environm ents. It seems likely that soil pH is a m ajor factor controlling BHP occurrence based on statistical analysis o f environ m ental param eters and B H P concentration data. The com parison o f the soil-specific BHP concentrations w ith those o f branched GDGTs shows no clear relationship in the Têt R iver system , supporting the concept that these tw o groups o f soil-specific com pounds are synthesized by different m icrobial organisms living in different niches in the soil profile (e.g., oxic top versus anoxic deep).
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Introduction
[2] Bacteriohopanepolyols (BHPs) are pentacyclic triterpenoids [Rohmer, 1993] biosynthesized as m em brane lipids by a w ide range o f bacteria includ ing cyanobacteria, nitrogen-fixing bacteria, purple nonsulfur bacteria, acetic acid bacteria, methanotrophs, and methylotrophs [e.g., Talbot et al., 2008, and references therein] . Analysis o f BHPs in terres trial samples from various locations around the world showed that four BHPs, adenosylhopane (le; see Appendix A), 2-m ethyladenosylhopane (Ile), and the two related structures with an as yet undetermined terminal group structure termed "adenosylhopanetype 1" (Id) and "2-m ethyladenosylhopane-type 1" (lid), are com m on com ponents o f soils and peats [Talbot andF arrim ond, 2007; Cooke et a í , 2008a; R edshaw et al., 2008; X u et al., 2009; Rethem eyer et al., 2010] but have rarely been observed in lacustrine [Talbot and Farrim ond, 2007] and off shore [Cooke et a l , 2007] sediments. A nother pair o f related hom ologues, w ith a second, as yet unidentified term inal group, have recently been reported in soils from Svalbard [Rethemeyer et al., 2010] . However, their occurrence seems to be m ore restricted than those o f adenosylhopanes and adenosylhopane-type 1 com pounds. Data from surface sediments from the continental shelf o ff the Rhone R iver [Cooke et al., 2007] showed a steady decrease in the abundance o f soil-specific BHPs w ith distance from the river mouth. R ecent studies o f Congo fan sedim ents [Cooke et al., 2008b; H andley et al., 2010] have shown evidence o f the preservation o f these com pounds in sediments associated w ith transport o f soil OM from the Congo up to -100 m b sf and ~1.2 Ma. These prom ising initial results indicate the potential o f soil-specific BHPs to serve as an indicator for soil OM input from land to the ocean. However, the use o f the new soil-specific BHPs has not been widely tested yet as a robust proxy for soil OM input in various environm ental settings.
[3] Here, w e investigated soils collected in the Têt w atershed (southern France) and determ ined var iations in BHP concentrations. For the first time, soil BHP distributions are directly com pared to environm ental variables including pH, precipita tion, and m ean annual air tem perature (MAT) to determ ine potential controls on BHP distributions over a range o f conditions occurring w ithin a single catchment. BHPs are also com pared w ith a well established proxy o f river-borne soil OM input to the ocean, the branched and isoprenoid tetraether (BIT) index [Hopmans et al., 2004; H uguet et al., 2007; Kim et al., 2009] . The BIT index is based on a group o f branched glycerol dialkyl glycerol tetraethers (GDGTs) derived from presum ably anaerobic bacteria [Weijers et al., 2006a] , w hich occur w idely in soils [Weijers et al., 2006b [Weijers et al., , 2007 , and a structurally related isoprenoid GDGT 'crenarchaeol', predom inantly found in m arine planktonic Crenarchaeota [Sinninghe D am sté et al., 2002] , 2. Study A rea [4] The Têt watershed, a typical M editerranean river system, is located in the southern part o f France (Figure 1 ). The upperm ost part o f the Têt w atershed is situated in elevated regions w ith steep slopes [Garcia-Esteves et al., 2007] . In general, soils are thin in the upstream area o f the Têt River. 
M aterial and M ethods

Sample Collection and Preparation
[5] Sampling o f Têt soils (TESO) was carried out in June and July 2007 along the Têt River, from the source area in the Pyrenees to the river m outh into the G u lf o f Lions ( Figure 1 and Table 1 ). In total, 29 samples including 2 peats (T E S 02 and TESO 49) w ere collected from 15 sam pling sites, including 14 topsoils (i.e., upper 10 cm soils) and 3 soil profiles (T E S 02, T E S 0 5 , and T E S 036). All samples were im m ediately frozen w ith dry ice in the field and subsequently stored at -4 0°C . The soil samples w ere freeze-dried, sieved (<2 mm), and ground w ith a swing m ill to obtain hom oge neous m aterial for further geochem ical analysis.
Bulk Parameter Analyses
[6] Total nitrogen content (TN, [7] A ll the soil samples investigated w ere extracted at NIOZ. The extraction m ethod is sim ilar to that reported by Talbot et al. [2008] , w hich is based on the Kates m odification o f the original B ligh and D yer extraction [Bligh and Dyer, 1959] , except for the use o f dichlorom ethane (DCM ) instead o f chloroform. A n aliquot o f the total lipid extract was derivatised by heating w ith acetic anhydride and pyridine (4 ml; 1:1 v/v] at 50°C for 1 h and leaving at room tem perature overnight. The derivatised extract was rotary evaporated to near dryness, transferred to a vial using DCM , blow n down to dryness under N 2 , and redissolved in m ethanol/ propan-2-ol (60:40, v/v] for liquid chrom atography tandem m ass spectrom etry (LC -M Sn) analysis. A nalysis was perform ed as described previously [Cooke et al., 2008a ] using a high-perform ance liquid chrom atography (HPLC) and detection via a Thermo Finnigan LCQ ion trap m ass spectrometer equipped w ith an atm ospheric pressure chemical ionization (APCI) source operated in positive ion mode. Structures were assigned from com parison w ith published spectra w here possible [Talbot et al" 2003a [Talbot et al" , 2003b [Talbot et al" , 2007a [Talbot et al" , 2007b (N(NiN(NM(N(N(NiNM(N(NM(N(NM(N(NMiN(N(N(N(N(N(N(N( (N(N(N(N(N(N(N(N(N(N(N(N(N(N(N(N( 
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aMAT indicates mean annual air temperature. Topsoil indicates the upper 10 cm. bData from Kim et al. [2010] . cNumber of BHP structures identified i n each sample.
G eo ch em istry G eo ph y sics G eo sy stem s response o f the acetylated 5a-pregnane-3/3,20/3-diol internal standard added prior to derivatisation. A veraged relative response factors (from a suite o f five acetylated BHP standards) were used to adjust the BHP peak areas relative to that o f the internal standard w here BHPs containing one or m ore N atoms give an averaged response approxim ately 12 times that o f the standard and com pounds with no N atoms give a response approxim ately 8 times that o f the standard. [8] The relationships between environm ental and geochem ical parameters were assessed using redun dancy analysis (RDA), using the Brodgar v.2.5.2 (www.brodgar.com ) software package. Multiple colinearity between environm ental variables was exam ined using variance inflation factors (VIFs). Large VIFs (>50) indicate that a variable is highly correlated w ith other variables, and thus contributes little inform ation to the ordination. Prelim inary ordinations revealed that altitude had a high VIF value. Therefore, the altitude was excluded in the final redundancy analysis. However, statistical analysis including altitude yielded sim ilar results (data not shown).
Statistical Analysis
R esults
[9] The TOC and TN contents varied between 0.1 and 33 wt. % and between <0.1 and 1.7 wt. %, respectively, w ith higher values found in peats ( Figure 2a and Table 1 ). TN contents were only significant for soils near the source o f the Têt R iver (Figure 3) . The <51SN values o f the soils ranged from 0.7 to 7.6 %o w ith distinctively depleted <515N values in peats (Figure 2 c) .
[10] In total, 19 different BH P structures were identified in the investigated peat and soil samples ( Table 2 ). The concentration o f total BHPs ranged from 42 to 2289 /ig g x o fr1 (Figure 2d ). Bacteriohopanetetrol (BHT; la) and am inotriol (lb) were detected in all the samples (Table 3) . B H T cyclitol ether (Ih) was also com m on but not detected in all the samples and was only observed in the surface sample at site T E S 036. These source-unspecific BHPs (Table 2 ) contributed 26 to 92% o f total BHPs (Figures 4 and 5) .
[11] Usually, 1 to 4 o f the "soil-m arker" BHPs w ere present in all analyzed samples, except for the topsoil (T E S 035) collected near to the river mouth. The concentration o f soil-specific BHPs varied betw een 0 and 589 /ig gxoc 1 (Figure 4b ). The proportion o f soil-specific BHPs relative to total BHPs reached up to 66% (Figure 4e ). In general, the concentrations o f total and soil-specific BHPs w ere higher in the upper layers than in the deeper layers dow n the soil profiles ( Figure 3) ; however, Pearson et al., 2007; Talbot et al., 2008] .
[13] The m ethanotrophic bacteria markers aminotetrol (le) and am inopentol (If) were only observed at a small num ber o f sites (Table 3 ) w ith the m ost diagnostic structure (am inopentol) [Cvejic et a l , 2000a] only present at 4 sites including the upper layers o f the peat core (T E S 02) and in topsoil T E S 032. It was also observed in the deepest layer o f site (T E S 036) where it likely reflects preserva tion o f a fossilized Signatare as it indicates an aerobic process w hich is unlikely to occur only in the deeper and anoxic part o f the soil profiles.
[14] The soil-specific BHPs (adenosylhopane, adenosylhopane-type 1, 2-m ethyl adenosylhopane, and 2-m ethyl adenosylhopane-type 1) are com m on in all the samples but the topsoil (T E S 035) col lected near the river mouth. Strikingly, the con-G eo ch em istry G eo ph y sics G eo sy stem s centrations o f soil-specific BHPs are highest in peats w ith depleted <51SN values (Figure 2) . The depleted <51SN values in peats therefore suggest that soil-specific BHP production is favored by the grow th o f N 2 -fixing bacteria. A denosylhopane (le) and its m ethylated hom ologue (Ile) are, for instance, found in the nitrogen-fixing bacterium Bradyrhizobium japonicum [Bravo et al., 2001; Talbot et al., 2007a] . Therefore, the Têt data sug gest that B. japonicum and/or yet other unknown N 2-fixing bacteria are one o f the m ajor sources o f soil-m arker BHPs in acidic environm ents.
Environmental Factors Controlling
Soil-Specific BH P Productions [15] In order to assess w hich environm ental fac tors determ ine the concentrations o f total and soilspecific BHPs norm alized to TOC, the num ber o f B H P com pounds detected, and the percentage o f the soil-specific BHPs relative to the total BHPs in the T êt watershed, w e applied redundancy analysis on the data acquired. The variables pH, M AT, and precipitation (Table 1) (Table 4 ). C onditional effects (i.e., increase total sum o f eigenvalues after including new variable) (Table 4) indicate that soil pH is the m ost im portant environm ental factor, influencing the response variables and thus the production and occurrence o f total and soil-specific BHPs. This response is in good agreem ent w ith recent cuitare studies show ing that BHPs, 2-m ethyl com pounds in particular, w ere produced in greater concentration by photo synthetic bacteria at lower pH [.Doughty et al., 2009; Welander et al., 2009] . Therefore, our results sup port previous findings that BHPs are im portant in protecting cells from external stresses, such as pH. The pH and BHP abundance relationship is also sim ilar to that o f branched GDGT production [Kim et al., 2010] . In general, the concentrations o f total and soil-specific BHPs as w ell as the diver sity o f BHP producing organism s are higher in the Têt catchm ent w hen soil pH values are lower (Figures 6 a -6 c) . However, there is no apparent relationship betw een the percentage o f the soilspecific BHPs and soil pH values (Figure 6 d) . w ft ft ft ft ft ft ft ft ft ft ft ft ft f t f t f t M M f t ft f t M M ft ft f t ft f t! aThe sum of all canonical eigenvalues is 0.42 and the total variance is 1 (the variation explained by the first two axes). Eigenvalue (A) is the standard deviation of the scores.
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bEigenvalue indicates the increase in explained variation due to adding an extra explanatory variable. Response variables used are the concentration of total BHPs, the concentration of soil-specific BHPs, the percentage of the soil-specific B HP s relative to the total BHPs, and the numbers of BHP compounds detected. Explanatory variables used are soil pH, mean annual air temperature (MAT), and precipitation. Significance level, p < 0.05. Conditional effects are total sum of eigenvalues after including new explanatory variable.
Comparison o f Soil-Specific BHPs W ith Branched G D G T s
[ 16] The topsoil o f T E S 035 influenced by seawater contains virtually no soil-specific BHPs. Further m ore, the concentration o f soil-specific BHPs from the T E S 0 3 6 soil profile near the Têt R iver m outh are significantly lower than those from the T E S 0 2 and T E S 0 5 soil profiles upstream o f the Têt River. Accordingly, our data generally support the initial hypothesis that soil-specific BHPs can be a useful tool to identify the transport o f soil OM to m arine sedim ents [Talbot a n d Farrim ond, 2007; Cooke et aï., 2008b; Rethem eyer et aï., 2010] . specific BHP concentrations (r = 0.3, p = 0.003, Figure 7b ) and the percentage o f soil-specific BHPs relative to total BHPs (r2 = 0.2, p -0.03, Figure 7c ) also show no significant correlations. A lthough m ore data from different environm ental settings and statistical evaluations are clearly needed to validate the absence o f relationship observed in the Têt River, our results im ply that both bio m arkers are produced by different organisms.
[ [Blumenberg et al., 2006] have been show n to produce BHPs under strictly anoxic conditions. Therefore, it is consistent that both total and soil-specific BHPs are m ore abundant in the aerated zones than in the deeper anaerobic parts o f soil profiles (Figure 3 ). This vertical distribution pattern is, to some degree, inverse to that o f the branched GDGTs, w hich show higher abundances in deeper parts o f the soil profiles [Kim et a l , 2010] and peats [Weijers et al., 2007] . This is also in agreem ent w ith previous studies, suggesting that branched GDGTs are produced by anaerobic bac teria [Weijers et al., 2006a] . Thus, soil-specific BHPs and branched GDGTs are likely produced by bacteria living in different ecological niches o f the soil profile.
6. C onclusions [19] BHP distributions have been analyzed from a range o f soils and peats from 14 sites in the catchm ent o f the River Têt. In all samples but one (T E S 035) collected near the Têt River m outh, the previously proposed soil-m arker BHPs (adeno sylhopane and up to three structurally related com pounds) were detected in proportions up to 60% relative to total BHPs, significantly higher than the previously reported global m ean for soils o f 28% [Cooke et al., 2008b] although higher values have been reported in both C anadian soils [Xu et al., 2009] and soils from Svalbard [Rethemeyer et al., 2010] . Concentrations o f soil-specific BHPs in peat environm ents have been shown to increase w ith lower <515N values, suggesting that N 2 -fixing bacteria are one o f the m ajor sources o f BHPs including soil-m arker BHPs in peats. Soil pH is also a m ajor factor controlling the diversity and concentration o f total and soil-m arker BHPs sim i lar to previous observations for branched GDGTs and in agreem ent w ith laboratory cuitare studies looking at BHP biosynthesis under changing pH regimes. Further studies are clearly required to determ ine what, if any other environm ental factors, determ ine BHP diversity, concentration and pres ervation including e.g., tem perature, a w ider range o f pH values, salinity, and pressure such as p C 0 2. icantly lower than those o f the soil profiles upstream o f the Têt River. This supports the initial hypothesis that soil-specific BHPs can be useful biom arkers for tracking the input o f soil OM from land to aquatic environments [Talbot and Farrimond, 2007] . However, there is no clear correlation between the percentage o f soil-specific BHPs relative to total BHPs and the BIT index likely due to the different ecological niches occupied by the m ajor sources organism s (aerobic topsoil versus deeper anaerobic horizons). M ore w ork is needed to extend our limited know ledge on production and occurrence o f both soil-specific biom arkers in various environ m ental settings.
A ppendix A
[21] BHP structures in the soil samples are inves tigated in this study ( Figure AÍ) . The stereochem istry indicated was previously determ ined from N M R studies, but other configurations m ay be possible. 
